Abstract The corrosion inhibition efficiency of 2-amino-4-(2,4-dihydroxyphenyl) quinoline-3-carbonitrile (ADQC) on SAE 1006 steel has been investigated using electrochemical (EIS and Polarization), surface (SEM, EDX and AFM) and quantum chemical calculation methods. Results showed that inhibition efficiency increases with increasing ADQC concentration and maximum value of 96.12% was obtained at 25 mg/L concentration. EIS results showed the ADQC inhibits SAE 1006 steel corrosion becoming the adsorbate at metal/electrolyte interfaces. Polarization study showed that ADQC acts as cathodic type inhibitor. SEM, EDX and AFM finding supported the adsorption of ADQC on the mild steel surface. The quantum chemical calculations provide good insight about the adsorption and inhibition mechanism of ADQC. The experimental and quantum chemical calculation results were in good agreement. 
Introduction
SAE 1006 steel and its alloys have been successfully used in many applications such as chemical processing, petroleum production and refining, construction and metal processing equipment because of their high mechanical strength and low cost (Abd El-Lateef, 2015; Verma et al., 2015a) . However, they easily undergoe corrosion by chemical and electrochemical reactions with the environments which causes severe safety and economic problems. Among the several available methods, the use of synthetic corrosion inhibitors is the most common, effective and economic method of metallic corrosion protection (Yadav et al., 2013) . The adsorption of these inhibitors on metal surface is influenced by molecular volume, planarity of the molecule, availability of lone pair of electrons present on the heteroatoms (S, N, O), polarity and dipole moment, presence of unsaturation or aromatic ring, and energy of frontier molecular orbitals (Verma et al., 2015b) . Further, literature survey reveals that compounds containing nitrile (-CN) group act as efficient metallic corrosion inhibitors (Verma et al., 2015c; El Azzouzi et al., 2015) . However, the increasing ecological awareness and strict environmental regulations throughout the world needed development of the green corrosion inhibitors with high inhibition efficiency at low environmental risk. In this context, multicomponent reactions that combine three or more reacting molecules have immersed as a green and powerful technique, as several biologically active complex molecules can be synthesized in one step with high yield (Beattie et al., 2011) . Further, utilization of the environmental friendly solvents and chemicals is of particular importance as they contribute many of the green chemistry principles. Due to its non-flammable, non-hazardous, non-toxic, uniquely redox-stable, inexpensive and free availability, water as reaction medium has drawn significant attention in this direction. Moreover, in asymmetric organocatalysis, consumption of the L-proline particularly in water and ionic liquids is the most sustainable method as it is directly isolated from the natural sources without use of any hazardous chemicals and solvents such as DMSO, DMF and other chlorinated solvents (Sheldon, 2005; Nezhad et al., 2012) .
In view of this, in the present study we have reported the corrosion inhibition property of 2-amino-4-(2,4-dihydroxyphenyl) quinoline-3-carbonitrile (ADQC) on SAE 1006 steel in 1 M HCl using electrochemical impedance spectroscopy, Tafel polarization, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM) and quantum chemical calculation methods. The novelty of the present work is that 2-amino-4-(2,4-dihydroxyphenyl) quinoline-3-carbonitrile used in the present study shows very high inhibition efficiency and utilized for the first time. The high inhibition efficiency of the studied compound is attributed due to presence of two aromatic and one heteroaromatic rings and several polar functional groups (such as -CN, -OH, -NH 2 ) that act as adsorption centers.
Experimental procedure

Materials and chemicals
All electrochemical and surface studies were performed on SAE 1006 steel specimens containing 0.076 wt.% C, 0.192 wt. % Mn, 0.012 wt.% P, 0.026 wt.% Si, 0.050 wt.% Cr, 0.023 wt.% Al, and balance with Fe. The specimens and electrolytic solution of 1 M HCl were prepared as described earlier (Verma et al., 2016) .
Synthesis of inhibitor
The investigated inhibitor was synthesized using previously described method (Nezhad et al., 2012) as shown in Fig. 1 . The progress and completion of the reaction were monitored by TLC method. The purity of the synthesized compound was also determined by single spot on the TLC plate. The synthesized compound was characterized by IR (KBr, 1/cm) and 1H NMR spectral data. The characterization data of the synthesized compound are as follows: Yield: 82%; IR (KBr, 1/cm) 3684, 3426, 3142, 2262 , 2858 , 1654 , 1560 , 1436 .
Electrochemical experiments
The conventional three electrode glass cell assembly consisting of a pure platinum mesh counter electrode, a saturated calomel reference electrode and SAE 1006 steel specimen working electrode was used for all electrochemical measurements. The Tafel and EIS measurements were carried out using a Gamry Potentiostat/Galvanostat (Model G-300) with EIS software Gamry Instruments Inc., USA. Echem. Analyst 5.0 software package was applied to fit and analyze all the electrochemical data. In polarization measurements, the cathodic and the anodic Tafel slopes were plotted by varying the electrode potential inevitably from À0.25 to +0.25 V vs. corrosion potential (E corr ) at a constant sweep rate of 1.0 mV s
À1
. The corrosion current density (i corr ) was obtained by extrapolating the linear segments of the cathodic and anodic Tafel slopes from which percentage of inhibition efficiency (g%) was calculated using the following relation (Verma et al., 2013) :
where, i 0 corr and i i corr are the corrosion current densities in the absence and presence of the ADQC at different concentrations, respectively.
The electrochemical impedance studies were carried out under potentiodynamic condition in a frequency range of 100 kHz-0.01 Hz. The amplitude of the AC sinusoid wave was 10 mV. All electrochemical studies were performed in naturally aerated solution of 1 M HCl in the absence and presence of different concentration of ADQC after 30 min immersion time. The charge transfer resistances (R ct ) were calculated from the diameter of the Nyquist plots by using which inhibition efficiency (g%) at different studied concentrations was calculated using the following relationship (Verma et al., 2013) :
where, R 0 ct and R i ct are the charge transfer resistances in the absence and presence of ADQC at different concentrations, respectively.
Morphological investigation
For surface study, the SAE 1006 steel specimens having exposed dimension 1 cm 2 were immersed in 1 M HCl for 3 h in the absence and presence of optimum concentration of ADQC. After elapsed time the specimens were taken out washed and cleaned with distilled water, dried and finally analyzed. A SEM model Ziess Evo 50 XVP was employed to carry out SEM analysis. The elements present on the metal surface were studied by energy dispersive X-ray spectroscopy (EDX) coupled with SEM. The atomic force microscopic (AFM) measurements were performed using a NT-MDT multimode AFM, Russia, controlled by Solver scanning probe microscope controller containing NOVA programme. The scanning areas were 5 lm Â 5 lm during AFM measurements in the absence and presence of the ADQC.
Quantum chemical calculations
Quantum chemical calculations were carried out for ADQC using the density functional theory (DFT) method involving the Becke three-parameter hybrid functional together with the Lee-Yang-Paar correlation functional (B3LYP) (Becke, 1993) . The 6-31+G (d, p) basis set was chosen for all the calculations. The calculations were carried out with the aid of Gaussian 09 software for Windows (Revision D.01) (Frisch et al., 2009 ). The gas phase optimized geometries of the compound were confirmed to correspond to its true energy minima by the absence of imaginary frequency in the computed vibrational frequencies. All quantum chemical parameters were derived based on the electronic parameters of the most stable conformers of the molecule. The frontier molecular orbital (FMO) energies, that is, the highest occupied molecular orbital energy (E HOMO ) and the lowest unoccupied molecular energy (E LUMO ) were calculated. Other parameters such as the energy gap (DE), global hardness (r), and global softness (q), were computed respectively according to the equations (Martinez, 2003; Olasunkanmi et al., 2015) :
where, g was approximated to the chemical hardness of the inhibitor molecule. Selected dihedral angles that might have some correlations with the experimental inhibition efficiency of the compounds were also reported.
Results and discussion
3.1. Electrochemical measurements 3.1.1. Open circuit potential vs time curves
Potential developed on working electrode relative to the potential of the reference electrode without applying any external current is regarded as open circuit potential (E OCP ). The stabilization of the E OCP prior to electrochemical experiment is necessary. After 30 min immersion time in the absence and presence of the AQDC at different concentration, the E OCP curves were measured for two minutes. The E OCP curves of working electrode with time (s) in 1 M HCl are shown in Fig. 2 . The strength lines of the E OCP vs time curves in the absence and presence of inhibitor suggested that steady state potential has been established in both the cases. From Fig.2 it can be seen that in the presence of AQDC, the E OCP shifted toward more negative direction. This shift of the E OCP toward nobler direction in the presence of inhibitor is attributed due to dissolution of surface oxide layer (Yadav and Quraishi, 2012) . Further, the shift of the E OCP toward negative direction also attributed due to adsorption of the AQDC on metallic surface (Sudheer and Quraishi, 2014) . This finding suggests that AQDC inhibits metallic corrosion by becoming adsorbate at the metallic surface.
Potentiodynamic polarization study
The potentiodynamic polarization nature of SAE 1006 steel specimens in the absence and presence of different studied concentrations of the ADQC is shown in Fig. 3 Table 1 and Fig. 3 it is observed that the values of b a and b c both were affected in the presence of ADQC at different concentrations; however, the change in the values of b c was more prominent as compared to the change in the values of b a , suggesting the investigated inhibitor acts as cathodic type inhibitor (Li et al., 2009 ).
Electrochemical impedance spectroscopy (EIS) study
The Nyquist plots in the absence and presence of different studied concentrations of the ADQC are shown in Fig. 4a .
Nyquist plots give one semicircle in the absence and presence of different concentrations of ADQC suggesting that inhibition of metallic corrosion taking place in the present study is due to retardation of electron charge transfer process which is confirmed by single maxima in the Bode plots. Deviation from the perfect semicircle is generally attributed to the frequency dispersion as well as to the inhomogeneities of the surface and mass transport resistant (Seikh and Sherif, 2015) . Examination of the Fig. 4a shows that in the presence of ADQC the diameter of the Nyquist plots increases with increasing concentration. The increased diameter of the Nyquist plots in the presence of ADQC suggested that values of charged transfer resistance (R ct ) increase due to formation of protective film. The impedance parameters were derived using equivalent circuit described elsewhere (Verma et al., 2014) and are given in Table 2 . The equivalent circuit consists of solution resistance (R s ), charge transfer resistance (R ct ) and a constant phase element (CPE). The values of R ct in the absence and presence of different concentrations of ADQC were obtained by fitting EIS data in this equivalent circuit. From the calculated values of R ct , the value of double layer capacitance (C dl ) in the absence and presence of ADQC was calculated using the following equation (Verma et al., 2014) :
where Q is the constant phase element (CPE) (X À1 S n cm
À2
), and n is the CPE exponent. Generally, the value of n is related to the surface heterogeneity or roughness. A low value of n is generally associated with high surface roughness. It is observed from the result depicted in Table 2 that the values of n are larger in the presence of ADQC (0.832-0.870) than in its absence (0.827), suggesting that surface roughness is remarkably improved owing to formation of protective film on metallic surface (Emran, 2014) . Moreover, depending on the value of n, CPE can represent resistance (n = 0, Y 0 = R), capacitance (n = 1, Y 0 = C), inductance (n = À1, Y 0 = 1/L) or Warburg impedance (n = 0.5, Y 0 = W), where W is the Warburg parameter, the value of Warburg impedance (W Z ) related to the diffusion of the ions from the passive films of the inhibitor. Inspection of the Table 2 reveals that values of R ct increase with increasing ADQC concentration suggesting that extent of surface coverage and g% increases with inhibitor concentration. The increased values of R ct and decreased values of C dl in the presence of ADQC are attributed either due to decrease in local dielectric constant or an increase in the thickness of electrical double layer or due to combined effect of both which is resulted due to adsorption of ADQC at metal/electrolyte interfaces.
Further, to get further information about adsorption of ADQC on metallic surface in 1 M HCl, Bode plots were Figure 4 examined. Fig. 4b shows the Bode plots in the absence and presence of the ADQC. Bode plot gives a signal maxima (one time constant) at intermediate frequency region. Broadening of the signal maxima in the Bode plots is attributed due to adsorption of the ADQC on the metal/electrolyte interface (Zhao et al., 2015) . In present study, the values of phase angle around À70°with slope values close to unity were obtained.
Deviation from the ideal corrosive system (phase angle = 90°a nd slope = 1) is attributed due to surface roughness resulted due to structural and interfacial origin. However, in the presence of ADQC the values of phase angle increase with increasing concentration suggesting that the surface smoothness increases owing to the formation of the protective film by ADQC (Zhao et al., 2015) . 
Surface measurements 3.2.1. Scanning electron microscopy (SEM) studies
The SEM micrographs of the SAE 1006 steel surface in the absence and presence of the ADQC at its optimum concentration after 3 h immersion time are shown in Fig. 5 . Fig. 5a represents the SEM micrograph of the SAE 1006 steel surface in the absence of ADQC which is highly corroded and damaged. However, in the presence of ADQC (Fig. 5b) at optimum concentration, the surface morphology is remarkably improved due to adsorption of the ADQC on the mild steel surface which isolates the metal from the corrosive acid environment.
EDX studies
EDX spectra of SAE 1006 steel surface in the absence and presence of optimum concentration of ADQC are shown in Fig.6 . Fig. 6a shows the EDX spectrum of the SAE 1006 steel surface in the absence of ADQC which showed characteristics signals only for Fe, C and O. The presence of low intensity signal for oxygen might be attributed due to formation of iron oxides during SEM-EDX operation. However, EDX spectrum of the surface in the presence of ADQC (Fig. 6b) shows additional signal for nitrogen. Moreover, the intensity for the signal corresponding to the oxygen further increased which suggested that ADQC adsorbed on the metal surface which resulted appearance of signals for N and O in EDX spectrum of inhibited SAE 1006 steel specimen.
3.2.3. Atomic force microscopy (AFM) studies Fig. 7a represents the AFM micrograph of abraded SAE 1006 steel surface which is characterized by relatively smooth surface with abrading scratches on the surface. The calculated surface roughness of the abraded AFM micrograph was 85 nm. The AFM micrograph in the absence of ADQC (Fig. 7b) was highly corroded and damaged. The calculated surface roughness for uninhabited SAE 1006 steel specimen was 392 nm. However, in the presence of ADQC (Fig. 7c ) the acid solution causes significant change in the surface smoothness of the AFM micrograph. From the AFM micrograph in the presence of ADQC it is concluded that it forms a surface film through adsorption which isolates the metal from acid solution. The calculated surface roughness in the presence of ADQC was 137 nm.
Quantum chemical calculation
The values E HOMO , E LUMO and dipole moment (l) were derived from geometrically optimized ADQC molecule (Fig. 8a) . Fig. 8a (Banerjee et al., 2011) . From the distribution of frontier molecular orbitals it can be seen that HOMO is mainly concentrated over the entire quinoline ring in addition to very slight distribution over dihydroxyphenyl ring. The involvement of the whole molecules in the electron transfer is attributed due to presence of the high electron density throughout the molecules in the form of nonbonding and p-electrons. However, it can be also observed that as compared to the dihydroxyphenyl ring, the quinoline ring is potentially more electrons donor as distribution of frontier molecular orbital mainly concentrated over quinoline ring. Thus, it concluded that the quinoline ring containing -NH 2 and -CN groups is comparatively softer part of the molecules and mainly involved in the electron transfer. Moreover, the LUMO distribution of frontier molecular orbitals indicated that similar to the electron transfer mainly by quinoline ring, the electrons acceptation is also mainly due to quinoline ring as distribution of frontier molecular orbitals of LUMO mainly concentrated over the quinoline ring. The energy band gap (DE) is another important parameter which can be used to correlate the structure of inhibitor with its inhibition efficiency. A small energy gap between the E LUMO and E HOMO suggests that the inhibitor has strong tendency to donate its electrons and exhibited high inhibition efficiency (Banerjee et al., 2011) . Further, lower value of r and high value of q also supported the strong interaction between metal and inhibitor. Moreover, the value of dipole moment (l) is much higher (17.6170 Debye) as compared to the l of water (1.85 Debye) suggesting that ADQC has much stronger tendency to adsorb on the SAE 1006 steel surface in aqueous acidic solution (Tang et al., 2009 ). The corrosion inhibition of metals by organic corrosion inhibitor was previously described by several authors. The ADQC easily protonates in acid solution due to presence of several N and O atoms. Fig. 9 represents the frontier molecular electron distribution of protonated ADQC. From the HOMO frontier molecular orbital electron distribution it can be seen that HOMO electron density mainly localized over quinoline ring. The 2,4-dihydroxyphenyl ring has very little contribution in HOMO. This finding suggests that quinoline moiety of the AQDC mainly contributes in the electron transfer. Moreover, from the LUMO frontier electron distribution, it can be seen the LUMO is also localized over the quinoline moiety; again the 2,4-dihydroxyphenyl ring has very little contribution in electron acceptation. The calculated quantum chemical parameters for protonated AQDC are given in Table 3 . From the results depicted in the Table 3 it can be observed that parameters calculated for non-protonated and protonated AQDC are similar. The high value of E HOMO and dipole moment and low value of E LUMO are consistent with high inhibition efficiency of the AQDC. Similarly, the high value of global softness (q) and low value of global hardness (r) suggest that the ADQC has strong tendency to adsorb on mild steel surface in 1 M HCl.
Conclusion
From the experimental and theoretical results it is concluded that investigated inhibitor acts as good corrosion inhibitor for SAE 1006 steel in 1 M HC. Its inhibition efficiency increases with increasing concentration and maximum efficiency was obtained at 25 mg/L concentration. EIS results suggested that ADQC forms surface film at metal/electrolyte interface. Tafel polarization study shows that ADQC acts as mixed type inhibitor. The SEM, EDX and AFM studies confirmed the formation of the surface protective film. The quantum chemical calculations well supported the experimental results and also show that ADQC has strong tendency to replace the water from metal surface. Figure 9 (a) Optimized structure of ADQC, (b) HOMO of ADQC and (c) LUMO of protonated ADQC.
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